In the calculation of the absolute adsorption of supercritical gas adsorbed on the microporous materials, most existing methods regard the adsorbed density as a constant, which is very unreasonable. In this study, an extended pressure point method combined with Langmuir adsorption model is proposed in which the varying adsorbed density under different pressures is considered at the same time. The utility of the proposed method to correlate accurately the experimental data for supercritical gas adsorption system is demonstrated by high-pressure methane adsorption measurements on two groups of shale samples. Taking advantage of the proposed method, we can obtain the adsorbed density and the adsorbed volume corresponding to different pressures. Compared with the conventional methods under the assumption of fixed and parameterized adsorbed density, the proposed method yields better fitting results with the experimental data. Our work should provide important fundamental understandings and insights into the supercritical gas adsorption system.
Introduction
Supercritical gas adsorption on the microporous materials is the physicochemical basis of many important engineering processes and industrial applications, such as the hydrogen storage on activated carbon, sequestration of carbon dioxide in coalbed, gas-in-place calculation of shale (Ge et al., 2016; Moellmer et al., 2011; Pini, 2014; Qi et al., 2017; . It occurs through a physical interaction between the gas molecules and the adsorbent surface, thus creating a region whose density is different from that of the homogeneous bulk phase (Pini, 2014) . The design of the abovementioned applications relies greatly on the availability of high-pressure adsorption data as well as reliable adsorption models . Although significant advances have been made in the accuracy of the common adsorption measuring techniques (e.g. gravimetric, volumetric methods) (Broom and Webb, 2017; Gensterblum et al., 2009) , the realistic mechanism of supercritical gas adsorption is still far from being fully understood. Adsorption experiment can only provide Gibbs excess adsorption (m ex ), the difference between the absolute adsorption (m abs ) and the amount that would be present in the same volume at the density of the gas in the bulk phase (Do and Do, 2003; Pini, 2014) . In adsorption system, gas molecules are affected by two kinds of forces: the force between the gas molecules and the force of the adsorbent surface exerting on the gas molecules (Fitzgerald et al., 2003) . When the compound force system reaches equilibrium, there seems to be a layer of invisible film at a distance from the adsorbent surface. If the gas molecules outside the membrane move toward the adsorbent surface, they will rebind rather than enter the membrane (Staudt et al., 1993) . The quantity of gas molecules between the membrane and the adsorbent surface is the absolute adsorption. As we know, the difference between the Gibbs excess adsorption and the absolute adsorption becomes larger and larger with the increase of equilibrium pressure (Merkel et al., 2015) . Meanwhile, all adsorption models are initially developed to determine the absolute adsorption (Zhou and Zhou, 2009) . Therefore, the conversion of the experimentally determined Gibbs excess adsorption to the absolute adsorption is crucial to the interpretation of the adsorption system (Zhou et al., 2018) . The relationship between the Gibbs excess adsorption and the absolute adsorption is given as (Hu et al., 2018; Tian et al., 2016) 
where q(T, P) and q ad (T, P) are the density of the bulk phase and the adsorbed phase under specific temperature and pressure. According to equation (1), we can see that the Gibbs excess adsorption is positive when the adsorbed density is greater than the bulk density, while it is negative when the adsorbed density is smaller than the bulk density. If the adsorbed density is known a priori, the absolute adsorption can be calculated based on the experimental Gibbs excess adsorption. However, there are not yet any unambiguous ways to determine the adsorbed density (Hao et al., 2014; Tang et al., 2016) . In practice, some assumptions have to be made to determine the adsorbed density. Typically, these assumptions can be divided into two categories. The first category is to treat the adsorbed density as a known constant. Dubinin (1960) assumed that the adsorbed phase was in the accumulation of compressed gas molecules. Ozawa et al. (1976) considered the adsorbed phase as a superheated liquid with a density-dependent upon the thermal expansion of the liquid. Tsai et al. (1985) argued that the adsorbed density is equivalent to the critical density of the supercritical gas. Later, Dreisbach et al. (1999) suggested using the saturated liquid density at the normal boiling point. However, for supercritical gas adsorption, it is uncertain to identify whether the adsorbed phase is in the form of a liquid or a gas state (Zhou et al., 2001) . Thus, applying the physical properties of the gas to calculate the adsorbed density may result in unreliable conclusions. In addition, when the Gibbs isotherm is plotted as a function of the bulk density, the Gibbs excess adsorption will be reduced linearly under sufficiently high bulk density. The linearity in this region can be explained by assuming that no additional adsorption is occurring (Fitzgerald et al., 2003) . By linearly fitting the data in this region, we can obtain the adsorbed density when the Gibbs excess adsorption is zero (Gensterblum et al., 2009; Gensterblum et al., 2010; Humayun and Tomasko, 2000) . Note that the adsorbed density gained by using the above graphical estimate method (GEM) can only represent the condition of saturated adsorption. The second category is to treat the adsorbed density as an unknown constant. The adsorbed density is added as a parameter to the adsorption model, and the Gibbs excess adsorption is directly fitted to obtain a so-called adsorbed density (Gasparik et al., 2014; Li et al., 2017; Lutynski and Gonza´lez Gonza´lez Miguel, 2016) . In a sense, the adsorbed density obtained by the abovementioned parameterized method (PM) is actually a mean density for the global experimental pressure. It should be mentioned that all these assumptions are sometimes unreliable in that they all treat the adsorbed density as a constant independent of the pressure of the bulk phase. Nowadays, scientists have applied molecular dynamics (MD) simulations and grand canonical Monte Carlo (GCMC) simulations to study supercritical gas adsorption system (Jiang and Lin, 2018; Mosher et al., 2013; Song et al., 2018; Xiong et al., 2017; Zhang et al., 2018) . In MD or GCMC simulations, the pores in microporous materials are often simplified to be slit pores, circle pores, triangle pores, square pores, etc. The gas molecular density distribution under different pressures can be calculated from MD or GCMC simulations (Xiong et al., 2016) . It is shown that the gas density distribution exhibits a gradual oscillation from the adsorbent surface to the pore center because of the enhanced interactions between the gas molecules and the adsorbent surface atoms. Through the density distribution diagram under different pressures, we can find that it is unreasonable to assume that the adsorbed density does not change as the pressure increases (Jiang and Lin, 2018) . However, the heterogeneous properties of microporous adsorbent (Cai et al., 2010 ) cannot be reasonably portrayed by the simplified, homogeneous pore structures of MD or GCMC simulations. Therefore, in order to accurately describe the supercritical gas adsorption, an appropriate and robust method of evaluating adsorbed density is necessary to obtain the absolute adsorption from the experimental Gibbs isotherm.
In this work, a method that combines extended pressure point method (EPPM) and Langmuir adsorption model is proposed to determine the varying adsorbed density under different pressures for the supercritical gas adsorption. The high-pressure methane adsorptions on two groups of shale samples from the Changning block and Fuling block were measured at a pressure range up to 25 MPa by gravimetric method. The proposed method can capture the characteristics of the adsorbed density variations under different pressure points instead of treating the adsorbed density as a constant. Additionally, the adsorbed volume can be obtained based on the calculated adsorbed density. It is found that the newly developed method provides a more accurate estimate of the adsorbed density than the GEM and the PM.
Methodology and experiments

Langmuir adsorption model
The Langmuir adsorption model is one of the most popular models to describe the physical process of gas adsorption, which is represented as (Do and Do, 2003 )
where V is the absolute adsorption under equilibrium pressure P and V L and P L are the Langmuir volume and the Langmuir pressure, respectively. V L represents the maximum adsorption capacity and mainly reflects the properties of the adsorption system under the saturated condition. Therefore, in the adsorption experiment, V L is mainly determined by the sufficiently high-pressure data points. P L is defined as the pressure corresponding to onehalf Langmuir volume and reflects the speed of the rising stage in the adsorption isotherm. P L is an important parameter reflecting the gas desorption process (Hu et al., 2018) and mainly reflected by the relatively low-pressure data points. In addition, the adsorption heat and standard entropy for the adsorption system are related to P L under different temperatures (Gasparik et al., 2014) .
EPPM
In order to determine the varying adsorbed density under different pressures, this paper proposes the EPPM. Its basic idea is based on the concept of the point subgroup. The socalled point subgroup is to use a few points with a small pressure increment as a subgroup, as illustrated in Figure 1 . Considering the pressure increment is small for the pressure points at the same subgroup, their adsorbed densities are assumed to be approximately equal. The procedures of the EPPM are provided below:
1. Determining the normal pressure points distribution based on the conventional Gibbs isotherm and each pressure point is extended to form a subgroup according to a certain increment. The increment should be small enough to ensure the assumption that the adsorbed densities are constant in each point subgroup. 2. Obtaining the Gibbs excess adsorption: The methods of obtaining Gibbs excess adsorption at all pressure points can be divided into two kinds. The first is to use all pressure points as the experimental points to obtain the Gibbs excess adsorption, which is referred to as experimental expansion method (EEM). The second is to get the Gibbs excess adsorption of normal pressure distribution through adsorption experiment, and then get the Gibbs excess adsorption of other pressure points in each subgroup by the interpolation method, which is called fitting expansion method (FEM). 3. Determining the adsorbed density q sat under the saturated condition: According to the GEM, the adsorbed density at several points or point subgroups in the saturated state is obtained. 4. Obtaining the model parameters and adsorbed density of each unsaturated subgroup by using cyclic fitting: The purpose of the cyclic fitting is to make the objective function smaller, such as the least-squares residual minimization algorithm, which is defined as
where i represents the index of point subgroups, j represents the index of pressure points in each subgroup, cal represents the absolute adsorption calculated by circulatory Langmuir volume and Langmuir pressure, cir represents the absolute adsorption calculated by the experimentally determined Gibbs excess adsorption and circulatory adsorbed density according to equation (1 
Experiments
Shale gas is one of the most promising unconventional natural gas resources, and huge reserves are located around the southwestern of China. In southwestern China, Changning block in Sichuan and Fuling block in Chongqing are two representative shale gas production blocks. These two blocks have different material compositions and production properties. So we selected these two shale samples for experimental study. Each shale sample was crushed and sieved through a 60-80 mesh metal sifter to obtain the desired power size and placed in a drying oven at 60 C for more than 48 h to dehydrate. Prior to starting the adsorption experiments, the samples were dried again at 60 C in a vacuum for 24 h to remove residual free water.
The high-pressure methane adsorption experiments were conducted using the magnetic suspension balance ISOSORP-HP (Rubotherm). Compared to the volumetric adsorption equipment, the advantage of the gravitational adsorption equipment is that it will not accumulate relative error in the procedure of increasing adsorption pressure (Zhou and Zhou, 2009 ). The precision of the magnetic suspension balance is 0.01 mg and the pressure precision is 0.01 MPa. For all samples, the experimental temperature was 60 C and the pressure was up to 25 MPa. The detailed experimental procedures for the magnetic suspension balance equipment have been well documented in a series of publications (Pan et al., 2016; Yang et al., 2014; Zhou et al., 2018) .
During the experiment, the whole pressure segment was divided into 16 subgroups and each subgroup contained about five pressure points. The adsorption equilibrium measurements were performed for a sufficient length of time to ensure that there was no significant variation in weight and pressure.
Results and discussion
The measured Gibbs isotherms are presented in the unit of cm 3 /g rock under STP conditions and shown in Figure 2 using bulk density as the x coordinate. The experimental results show that the Gibbs excess adsorption increases to a maximum value at the bulk density of approximately 0.024 cm 3 /g. After that, the Gibbs excess adsorption begins to slightly decrease and eventually decreases linearly and turns into negative with further increasing bulk density. This phenomenon is also reported in previous studies (Lutynski and Gonza´lez Gonza´lez Miguel, 2016; Pini, 2014; Tang et al., 2016) . It is caused by the fact that the Gibbs excess adsorption is calculated on the basis of neglecting the buoyancy of the adsorbed phase. By use of the GEM, we obtained the saturated adsorbed density: the saturated adsorbed density of Changning sample is 0.100 g/cm 3 , while that of Fuling sample is 0.098 g/cm 3 . These two values are far smaller than the liquid density of methane at its boiling point (0.373 g/cm 3 ) and the van der Waals density (0.423 g/cm 3 ) (Bi et al., 2017; Jiang and Lin, 2018; Zhou et al., 2018) , but are close to the result obtained by Song et al. (2018) Besides, in order to compare the results of the EEM and the FEM, we expand the experimental data to obtain Figure 3 by interpolation method based on the center point of each point subgroup.
To compare with the existing adsorbed density treatment methods, the experimental results are also fitted by the GEM and the PM. The fitting parameters are shown in Table 1 , and the calculated absolute adsorptions are shown in Figure 4 . In Figure 4 , the scatter points represent the absolute adsorption calculated by the cyclic fitting process and the solid lines represent the fitting curves using the fitting parameters (V L and P L ) listed in Table 1 . Compared with the GEM and PM, the least-squares residual calculated by the EPPM is about an order of magnitude lower, which indicates that the EPPM is more accurate to fit the adsorption data. The calculated Langmuir volumes obtained by these three methods are almost similar, but the calculated Langmuir pressures are very different. This kind of phenomenon can also be shown very well in Figure 4 . The rising tendency of the EPPM curves is more intense than that of the curves calculated by the other two methods while the horizontal parts are almost consistent. For the two samples, the GEM overestimates the Langmuir pressure by up to 100% and PM up to 70%. This is because that the difference of the adsorbed density under low pressures is not taken into account in the GEM and the PM. It results in the undercompensation of the calculated absolute adsorption. In addition, the results obtained from the EEM and FEM are almost similar. This consistency is very meaningful for the application of the EPPM in that we can directly analyze the experimental adsorption data based on the normal pressure point distribution. This will greatly reduce the workload of the experiment.
The adsorbed density obtained by cyclic fitting is shown in Figure 5 . The EPPM curves show that the adsorbed density is a function of the equilibrium pressure, while the GEM curves and the PM curves are horizontal lines independent of the equilibrium pressure. Under low pressures, the adsorbed density obtained by EPPM is bigger than the bulk density, but the term q ad /(q ad À q) in equation (1) should not be approximated to 1. At present , this problem is always ignored in most of the studies (Mukherjee and Misra, 2018; Zhou et al., 2018) . Researchers usually think that there is no obvious difference between the Gibbs excess adsorption and the absolute adsorption when the pressure is low, so it is not necessary to analyze or correct the adsorbed density under low pressures (Murata and Kaneko, 2000; Zhao et al., 2018) . Judging from our results, this kind of comment is obviously incorrect. As the pressure increases, the increasing trend of the adsorbed density gradually slows down and finally, it is lower than that of the bulk density. This result explains the emergence of a negative Gibbs excess adsorption and it should be considered in conjunction with the force field in the adsorption system. Under low pressures, due to the attraction force of the adsorbent surface exerting on the gas molecules, the gas molecules near the adsorbent surface enrichment. But with the increase of the bulk density, the attraction force limits the further increase of the adsorbed density, and the adsorbed density finally becomes stable at a certain limit. Although many researchers have confirmed that the Gibbs excess adsorption will become negative under sufficiently high pressure, they do not consider it from the point of view that the adsorbed density is gradually changing with pressure (Lutynski and Gonza´lez Gonza´lez Miguel, 2016; Ross and Marc Bustin, 2007) . Again, the curve of the adsorbed density obtained by the EEM and the FEM is almost consistent with each other. After the absolute adsorption and the adsorbed density are determined, the adsorbed volume calculated according to equation (4) is shown in Figure 6 . It can be seen that when the pressure is higher than 0.8 MPa, the adsorbed volume gradually decreases with the increase of pressure. As a comparison, the adsorbed volume converted by a constant adsorbed density is a linear function of the absolute adsorption. This behavior can be explained by the force field of the gas molecules in the adsorption system. From a molecular perspective, the adsorbed volume is the near-wall space where significant molecule-solid interactions exist (Mohammad et al., 2009) . The force of the adsorbent surface exerting on the gas molecules at a specific location is constant, but the force between gas molecules increases with the increase of bulk density in the experimental pressure range. As the bulk density increases, regions originally dominated by the force between adsorbent surface and gas molecules transform to be dominated by intermolecular interactions. This means that the membrane to demarcate the adsorbed phase and bulk phase moves toward the adsorbent surface with the increase of bulk density and finally becomes stable at a certain distance from the adsorbent surface. Note that whether the adsorbed volume is gradually increasing with increasing pressure needs further investigation when the pressure is lower than around 0.8 MPa. This is probably due to the measuring precision of the pressure sensor in the adsorption equipment.
Conclusions
With the introduction of the EPPM, the varying adsorbed density under different pressures can be calculated straightforwardly according to the Gibbs excess adsorption. The experimental data of two groups of shale-methane adsorption system were employed to examine the effectiveness of the proposed method. The significant conclusions can be summarized as follows:
1. The adsorbed density shows a pressure-dependent tendency. It increases with the bulk density, then slows down and gradually reaches saturation under sufficiently high pressures. The bulk density increases with pressure and eventually exceeds the adsorbed density, which leads to the negative Gibbs excess adsorption under sufficiently high pressures. 2. The adsorbed volume decreases gradually with pressure and eventually stabilizes. A reasonable explanation is given from the perspective of the force field of the gas molecules. 3. The results obtained by the EEM and the FEM are consistent, depicting that the EPPM can be applied to the normal pressure point distribution adsorption experiment.
It should be mentioned that we employ the conventional Langmuir adsorption model in this study. In fact, adopting different adsorption models may make some difference. This point needs to be further evaluated in the following work.
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